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Must:
1. Measure distance between two fiducials.
2. Relative accuracy ~ 10 pm.
3. Minimal sensitivity to metrology head mis-orientation.
4. Minimal sensitivity to electronic drift. (Favor use of heterodyne technique.
5. Be consistent with ~20 other gauges. (Requires use of single laser wavelength standard.)

Basic components include:

1. Laser, stabilized, A=1.3 micron (to not contaminate starlight in the visible)
2. Frequency shifters to enable heterodyne detection
3.  Fiber optics for laser light distribution to ~20 metrology heads
4. Metrology heads (includes photodiodes which produce heterodyne interference signals)
5. Fiducial retro-reflectors (corner cubes).
6. Electronics to measure phase of metrology heads’ heterodyne outputs.
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e Relative phase of Reference vs. Measurement photodiode signals tells us the
Optical Path Difference (OPD) of the M beam vs. the R beam: basis for
gauge readout. L=0OPD/2.

e For A=1.3 microns, we need to measure phase difference to 1.5x10- cycles.

« Incomplete split of M and R beams causes cyclic error.
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How precision engineering will

help find planets like Earth.

A presentation to the students
Nagaoka University

July 17, 2002
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*Hubble Space Telescope

Far Ultraviolet Spectroscopic
Explorer

+Stratospheric Observatory for
Infrared Astronomy

*Space Infrared Telescope Facility
«Starlight

*Space Interferometry Mission
*Next Generation Space
Telescope

*Terrestrial Planet Finder
«Life Finder, Planet Imager
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Planet detection with astrometry: reflex motion JpL
of stars due to gravitational pull of planets
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Astrometric dispiacerment of the Sun due to Jupiter
as seen ffom 10 parsecs.
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SIM project description SPL

j
2
8 .
5 ¢ Launch in 2008:
* Pico-radian accuracy space “theodolite”.
- » Compares rapidly changing angular positions of local stars to unchanging distant
£ p pidly ging anguiar p gmg
& “reference” objects (such as active galactic nuclet).
o] . .
1‘%3 » Parallax angles as SIM orbits the sun provides accurate distance measurements to stars
@ and nearest galaxies.
[
© ¢ Detects planets orbiting stars, providing planet mass and orbital parameters.
& . . . .
g * Detects mysterious Massive Compact Halo Objects (MACHOs) which are a possible
D explanation for intergalactic dark matter, providing distance & mass from gravitational

lensing measurements.

Measures transverse velocities of stars locally and in nearest galaxies.
| * Complements line-of-sight (Doppler) velocity measurements.
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Artist conception SPL
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SIM specs JPL

» Four stellar interferometers (two are for bright local “guide” stars, two
for dimmer “science” objects.)

e ~10 meter baselines
e Angular accuracy: 5 pico-radians

» Interferometers measure starlight wavefronts to 50 picometer accuracy
(because 5 pico-radians = 50 pm / 10 m).

» This implies that relative locations of interferometer optics must be
known to better 50 picometers.

* Metrology in SIM is expected to measure distance between optics to
~10 pm relative accuracy.

SIM Space interferometry  Mission
;

* Metrology expected to measure same distance to ~10 micron absolute

accuracy.
A NASA
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@/ Michelson relative astrometry
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SIM orbit
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@ Optical delay line =

SIM Space Interfferometry  Mission
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The role of metrology in SIM: JPL
internal metrology
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Ig\\ D
\/ " / Starlight Sideros’tatz\/—I /Staright
/ /\ Lnternall metrr‘olo%y2 \, / /\
eam launcher.1,
Fidu/c;l N //\ m‘u/ & f\‘/ //\

Siderostat 1 Fiducial
A ) » ‘c A )
il 2
L.
Delay line 1 ™~ splitter Delay line 2
L X Starlight v 7
Fiducial

fringe detector

Simplified sketch of SIM’s internal metrology light path (red line) and starlight (biue).
Internal metrology measures the difference in starfight path (adjusted by the delay lines)
required to keep the central startlight fringe locked at the fringe detector. The baseline
vector D is the vector from the center of siderostat 1 to siderostat 2.

Nagaoka University
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The role of metrology in SIM:
External metrology

JPLU

Mission

Space Interferometry

Each line represents one

metrology beam or “strut”. 4m x 4m
metrology
“kite” with 6

= = “struts”.
-—' """
S . ' A
> 2. I/ Vertex formed by
Corner cube on S ; triple comer-cube.
(4 places)

each siderostat
mirror. (8 places)

External metrology used to monitor the geometry of SIM to ~100 pm. Geometry means the
precise lengths, relative directions and positions of D, D,, D,, the baseline vectors of the three
interferometers (science and two reference).

A I?Ul\SA
ag:gi';i Nagaoka University
Presentation 1 M ceckxtan Manyd ¥ Tilnw
Metrology structure ties the JPL
interferometers together
§

3-dimensional web

»Scigilce interferometer baseline 1 (10 m)

SIM
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%‘ of metrology struts

g monitors relative Science interf.
8| positions of baseline 2 (8 m)
Lg interferometer

© baselines.

QO

4]

[wh

93]

Two guide interferometer
baselines (6 m)

Internal metrology (not shown) measures starlight
propagation distance to beam combiners.
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SIM metrology requirements S=PL

5 Internal metrology External metrology

a2 requirement requirement
= Number of gauges 8 42 (kite: 6, roll estimation: 4,

siderostats: 32)

gj Number of gauges for mission 6 (two siderostats are spares) 24 (Kite: 5, rell estimation: 1,
g success (assuming dispersed failures) siderostat fiducials: 24)

o Distance between fiducials 20 meters Varies: shortest are 4 meters,
% longest are 12 meters.

Y]
§ Motion; ranges of distances 2.6 meters while changing 10 microns

® stars; 10 microns while

t(é_ observing
| Velocity 2 cm/s while changing stars, 1 | <10 microns/sec ?

micron/sec while observing
Accuracy (absolute) Solved for with astrometric 3 microns rms
data

H Accuracy (relative) 15 pm rms (1 hour time scale); 8 pm ms (5 minute s)

m Temperature coefficient 2 pm/mK (soak); 50 pm/mK (sensitivity to gradients)
SIM metrology requirements, subject to change as SIM’s design evolves.

A NASA

QOrigins . .

Mission  Nagaoka ‘Umvers1ty
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Current metrology performance Sl

c

L

é Wavelength 1.3 microns
g Distance between fiducials 2.5 meters
o]

E

o

%’) Beam diameter 5 mm
£

03] .

"é Accuracy (absolute) ~5 microns
U) S

Accuracy (relative) ~30 picometers

e Temperature coefficient ~8 nm/K

A it\U‘.\SA
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APU

Space Interferometry

E SIM Triple Corner Cube Prototype TCC
o
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Metrology system block diagram SPL

c
RS,
7
= = Fiber-optic distribution
to other gauges
am
S analog Phase-

?J laser, M front-end & meter
(0] H-o -

1.3 um{[™] mod- zero- ]
g ulator <— - crossing Com-
kS corner comer (detector puter
& cube
=
@
©
<
o
19p]

SIM
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Digital phasemeter SPL

*VME based

*6 gauges per board
*(This setup can
handle 18 gauges)

SIM Space Interferometry Mission

A NASA
Origins
Mission

Nagaoka University
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Digital phasemeter perfomance

JPU

<
2
g Number of channels (gauges) 6

Maximum clock frequency 128 MHz
2 Stability 1073 cycles (6.5 pm) for ambient
g temperature held to 0.1 C
_gs Range 232=4.3x10° cycles. (2795 meters)
:% Heterodyne frequency range 1954 Hz to 1.33 MHz
& Phase resolution (no averaging) 1.6x10- cycles (10 pm) at 2 kHz to
g 0.01 cycles (650 pm) at 1.3 MHz
G - heterodyne frequency. (Improves

with averaging)

Velocity range at maximum +/- 0.88x10° cycles per second
H heterodyne frequency (0.58 meters/second)
m Temperature sensitivity <500 picoseconds/C (32 pm/C)

Specifications for the JPL phasemeter. Specifications in picometers
assume a 100 kHz heterodyne frequency and 1.3 micron wavelength.

A NASA
Origins . .
Mission  Nagaoka .Umversny _
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The JPL/MAM phasemeter - block diagram.
Patar Halverson, 16-nov-1988
phasemeterBlockDiagram.ilus %
pore T l ! ) Jp L
Inhgev oount Instantanecus
reset mh integer phase
readout
c - s il
roou -
s ) L
2] summalion)
R4 !
E decrement
STOP.
|
- |
‘d‘) ) Summed
£ e e e
o —— roset readout g
L
O T8 MG 2
b o olock input b
O} -ﬂm =) STOP o
E ® START g
- s
D
8 Fractional ? Instantanecus
S phase counter Integorcount | | fractional
13) set latoh phase readout
Summation (l;’k\mmw )
Y __stop |
START 1
start z Surmmed
i-‘rv.;r::m (adder) fractional phase
’ ‘ interval timer
) sToP
START Number of
Nurvber o g7
Unknowns' summation
counter readout (number
reset of summations)
NOTES:

0) This diagram is highly simpified, for learning purposes anly.

1) The phasemeter board has & channels. Only one is shown in thia diagram.

2) The “summation sync input” is called the “slow clock” in the phasemeter schamatics.

A NASA 3) The instantanecus read sync. input” is called the *read clock” in the phasemeter schematics.

. s 4) The instantanecus mey be laiched In three ways: (a) upon each instantanscus read sync.
Ongms N k U : input adge (b) upon soltware FREEZE and (c] upon esoh Unknown phase input edge. Methods (b}
Mission AgaoKa UNIVE  and o) have boen omitied for olarity.

) The integer phase may be reset in three ways: {a) upon HOME input edge, (b) upon "global clear
int" command and (o} upon "clear intager counter” command. Methods (b) and (c) have besn
omitted for clarity.
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@/ Upgrade for absolute metrology =

15 GHz apart by the laser offset locking electronics. A clock signal (in practice,
the phasemeter readout clock) toggles intensity modulators A and B. The
resulting 500 Hz rate, 15 GHz amplitude FM is fed to the metrology gauge for
absolute calibration, as described in the text.

o

©

a .

£ Clock input, AB (c=fiber-optic
1 kHz TTL typ. toggle }— intensity coupler)
laser A ’

2 " modulator B

z (master laser offset laser

=) lockin output

2 laser B |g intensi =

2 (slave) > ty

= X | modulator A

3

©

R

@ Laser source upgrade for absolute metrology. Light from lasers A and B are held

o

*Synthetic wavelength is 20 cm.
*Know absolute distance modulo 10 cm
*Current accuracy: ~5 microns

A NASA
g?sgs';i Nagaoka University
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Absolute Metrology SPL

» SIM external metrology requires knowledge of absolute distances to 3
um
» For Kite, the requirement is 10 um

Metrology Gauge

SIM Space Interferometry  Mission

A NASA
Origins . .
Mission  Nagaoka University
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AJPLu

Absolute Metrology Gauge Implementation
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Absolute Metrology Gauge Offset Calibration JPL
5 e Basic approach:
2 1. bring two fiducials into repeatable, measurable separation via contact
= 2. measure the change in the distance as they are separated
> 3. insert Abs Met gauge: t‘Gauge constant” = Abs Met — Calibration l
g 4. repeat for a range of fiducial separations
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Absolute Metrology Performance Data
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173002, - QP bias measurement

Two separate runs used to get performance

T T Y T T T T T T Y
* .
. estimate:
N : :
: s ¢ . :
2.855}- o 3 . i : : 4
i ¥ Lk R e,
i : " § ‘
g | ; * T Py c=4.2 pum
£ 205 " S i i £ < 6
g ¥ 7 ¥ : ! : - Abs Mel
] ; ¥ k
D : ! : * pm
8 ] * L .
3 F * *
i b :
. .
* 1/30/02,, - QP bias measurement
S d
284} wo ¢ A = 3 ;9 u,n‘l . . r . T . T T T
* ; 255/ * Absmet- Truth sensor, 400s delay ; ]
) —-_ Absmet - Truth sensor mean
: Bias mean = 2.8492 mm Bias mean = 2.8453 rm
= Absmet - Truth sensor, 400us delay Bias std. dev. 142 um Bias std. dev. = 3.3
- Absmet - Truth sensor mean ; - i * . dev. =3.3um
28351 7 et . Truth sensor, 600 s dehi! Norninal biais = 2.828 i Norninal biss = 2.826 mm
500 550 600 650 700 750 800 850 9200 950 1000 * H
CC separation (mm) E 285} : i -
. . 5 : H * -
H § L * -
"
E »* * * *
E 2845 M .
* *
c=3.3um . . ¥ . .
* - *:
*
»*
2841 -
A NASA :
Origins : : ; : , . . ; 1
Missi NagaOka University w0 s w0 e 70 75 60 &0 900
15S10N CC separation (mm)

Presentation 17 Sl

roL XKML

Test facility for metrology gauges
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@ QP Design Concept
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4 l Corner Local Oscillator Mirror with
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. Source beam is physically split at double sided mirror into a small narrow reference beam which passes directly to the detector and the larger

measurement beam that is circulated around the racetrack.
. The reference and measurement beams are rejoined but remain physically separated on the other side of the double sided mirror. They each mix
with the LO at the beam splitter.

. The measurement and reference beams are then redirected to their own detector by the scraper mirror each with their own share of the LO beam.
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@ Metrology head concept
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Metrology gauge setup for thermal test SPL
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2-Gauge Test Configuration SPL
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e Block diagram of laser heterodyne interferometer which measures changes in L, the
m distance between retroreflectors CC1 and CC2. An optional second gauge (shown in gray)
can measure the same distance, allowing useful gauge comparisons. The letters A..E
indicate regions where cyclic error originates. For cyclic error detection, the piezoelectric
(PZT) actuator moves CC1 with a voltage ramp that has been precompensated for piezo
ANASA  hysteresis, to achieve near-constant velocity.
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Cyclic error: a periodic non-linearity JPL
5 e Imperfect split of Measurement beam away from reference beam causes
F constant leakage of M light into wrong path.
= e Atrecombination: M beam + leakage M causes periodic phase
advance/retardation ----> Cyclic Error
[ e To keep cyclic error below 10 pm, must have
E — Optical leakage < 80 dB (low optical cross-talk)
g — Electronic cross-talk < 80 dB
5 — Or, if we’re lucky, use some “tricks”.
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@/ The Role of Kite SPL

o
o
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§ « The role of Kite is to verify SIM external metrology performance
e SIM external metrology tracks baseline changes as the fiducials move
> » Testing up to now has been 1D (2-gauge)
g « The Kite 2D truss will show it can track similar changes to the level required by the
09, SIM performance model (Currently PM36a).
3
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— KITE Z &
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m * Ideally, Kite performance should be limited by the gauge performance, where the
gauge performance is derived from the SIM error budget.
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Kite Approach and Architecture JPL

S|* Build a redundant metrology truss:
% — 4 fiducials (2 corner cubes + 2 triple corner cubes)
= — 6 metrology gauges connecting the 4 vertices
— Allin a plane (to required level)
g
@ . .
€|+ Compare the readings from one gauge with prediction using
é the other 5 as a CC is articulated by various amounts of tip
o and tilt or translation
s
g |* Account for CC imperfections using CC calibration and
A model

D ake the difference of the residual before vs after

Py how the rms error is below requirement for the various
ases of:
— 0.5 deg articulation (NA) at 50 pm rms
— 7.5 deg articulation (WA) at 300 pm rms

— simulated PSS thermal deformation (1um, 10 um)
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Kite Testbed Configuration Jpl-
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= « Kite table is situated in the MAM vacuum chamber
ctated by triple corner cube constrain
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@ SIM evolves... Pl
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s « New configuration uses fewer metrology measurements
. « Is more compact: fits into Space Shuttle or Expendable Launch
B Vehicle
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@ SIM (new version) Fully Deployed On Orbit Jpl-
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Shared Baseline Interferometer Jpl_
Configuration

10 Meter Science baselines

8.9 Meter Guide
baselines
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SIM and IPM Configuration SPL
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Space Interfferometry Mission]

In Shuttle Bay
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@ Fit into shuttle bay or EELV

JPLU

Deployable 2-piece
sunshade/contaminatio
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In EELV Delta IV

Heavy Fairing
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